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i aeo ,  their optical, electrical, and magnetic properties, In addition, 

sane work wee done on the thermal control of temperatures of spacecraft 

0urfaceo by means of electro-optical crystals. As the larger ptwt of %his 

report i a  0 - m  with electroltmrin.reence, mom? of the lrtandsrd concepts 

~udnoSf2enrrf rouds Usually referred t o  ae phosphors. By electroluminescence 

catiaa o? 811 elwkric ii .ld. I&ht output occur for either dace o r  aoco 

fleldmQ fa ftw follovSags w Vill  cmly be concerned wlth the latter caseo 

The actiar of electric flelds upar mlcrocrystala ambaddud in an insulator 
(2) 

uaa firrt reported by ouddhp urd Pabl in 1920. They observed a momantary 

enherr0e;losat of t&e ritAr&w E phocrphor prevAously Irradiated by ultre 

S h o e  the l ight output occur8 in the visible part of the spedrum, it 

10 clear that the m%islon procers nust Involve electronic transitions rather 

than merely rutrtiopv or librations of roleculee or vibrations of crystals 

(phOnonS) snd molecules. A. a CIsult, it is c o n d e n t  t o  divide the problem 

of uadsrst.adhg thcr mechauim of E.L. into several parts relating to '(1) the 

euccltCrtiaa pmces8, 

(3) 

(2) the l i fe  hb to ry  of electrons in excited states, and 

the de-uccitstioo of the m a p l a  by mans of either phonon and/or phonon 
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d s s l o n ,  Valuable information 

efficienoy, i oecs  the ratio of light output and power input a8 a function of 

t b e o  

elm0 be obtained by rrtudying the decay of 



LLI: Ch--I - T m s  s- of Prcpaxation 

a) -ion of PhoBphoZ 

Zinc sulfide, which l e  suffic.'.ently doped vith c ~ P ~ ; s A A  mrittbesr,  

will exhibit ehectroluminescence, 

such a8 Cu, Age Mn, and Pb, which are capable of supplying ehch-0~8  to 

th8  crystal, or they 

are capable of receiving CUI electron i n  order to ettaln a more stable 

configuration, 

These impuritiegs s . ~  be 8 c % k f e t c w  

Be co-a&iratom such 88 Cl, BY, a d  E, which 

The starting material. for t h i s  study was Sylvmh ZBEC a-..d.fPde 

phosphor, 10% ZC-lJ .31e  

t w e e n  ten t o  twenty microns. Th@ powder was 8noy whits, as i a  &ssm%eZ-= 

i s t i c  of Sine sulfide i n  eactrwm3.y pure fom, 

performd op the phorrphor by the S ~ h a r t e k ~ p f  Micro~eiLytical kboratarics 

of Hew York City, No trace of c q p r ,  manganese, OF chlorine w m  f%xand. by 

their  8nalysis, which was capable of detecting cme part per d U i o a  of 

these e l e m t a ,  

The eiees of t he  phosphor partielee, ranged be= 

A chemical madyeis ~ u a a  

Tha impurities were introduced by wetting the sine sulfide with SL 

solutiotr coxtdning manganous chloride ea l t  (Fisher Scie:rtffic 'XB ,qad2) 

Five strengths of solutions contabnlng fram U ? o h h ~  mo?&?cLlos per cJc, 

to 10 MnCl molecules pep coco were prepared with 6ei<~a:le@? wataz- 

The salt WBS weighed out using an ernalytical balance wkizh I-.W w.2- 

curate t o  within 0 , l  mg. For t3e 50 m l  f l a s k s  used, th f s  emor COY- 

reepoads t o  

the strongest caolution, 

6 x d4 molecules wr coco,  or six parts per mkPUon for 

The weaker r~olutione w e r e  then prepared b~ 



diluting the stronger one6 t o  amid the weighing of an extremely e m d l  

Bmc?\nt oi e&.%, It w a a  poasibh t o  mllsure sohation volmear to & t u n  

Q,O1 m l .  which represented a .0043$ error In In i t i a l  soncenf;rec;tion ob 

doped PPateriaL, 

thoroughly mixed curd w e r e  placed in a~ oven at l 2 5 O C  w L i l  dryo 

purit ies were then present im the fonn of a coating around the  phospho~ 

Tbe inpurity solution and zinc sulfide powder w e r e  

The h- 

grains. 

It was asstimad that the mount of MnCb w h i c h  difiused into the 

t inc  sulfide w89 proportional t o  the amount originelby added, zlhis as- 

sumption is based on Flck's l a w  of diffblsian which relates the  net flux 

J of atow of me species i n  a a o l i d t o  t h e  gradient of tha concentrap-. 

ti- 1J of this species 
(4) 

where D is a function of  temperature, 

'%he diffusion of these impurities into the crystale was accelerated 

The temperature dependence of by firing the mixture at high temperatures, 

D takes the following form: 

where T is the  absolute tenpe!ra%ure, B I s  the activation energy for  the 

process, and Do is the diffusion constant. 
( 5 )  

Experimental procedure8 similar to those developed by Lehmann 

were adopted, An oven temperature of 95OoC waa chosen for the flring 

of the phosphors. 

t o  each f i r ing  since Wachtel 

A half gram of sulfur was added t o  $he phoaphor prior 
( 6 )  

had observed tha t  t h i s  enhanced 
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(7) , 
eLectroluninescence. S h c e  oxygm quenched electroldneecemce a 

'pb. pawld.r v u  wmhed wlth delanised water t o  remove ~ D Y  of the 

-8. whiah resided on the surfaceo These ion6 produce SuFfWe 

coarduction i n  the presence of  high flalda and decrease the efficiency of 

e le&Mludnercce  In  the cry.tal volume a The phosphor was then 
( 8 )  

dried, cruskd, and slaved, Phosphor particles raged i n  size between 

Ch8mh. l  analyses were ala0 performed on t w o  of the doped powders. 

In both cases 30% of the &C12 had diff'wed into the Zas. It W B ~  88- 

suned that thlr wna approximately the case for all the powders. Fifty 

grama of each concentration of powder we= prepared, Roughly, one gram 

ob powder was aeoeeoary t o  mskg one cell, 

deeiccrtor until used i n  the preptmation of electroluminescent cells. 

Powders were stored in  a 
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b) Constructiun of an Electroluminescent Cell for Optical Measurements 

with the? phosphor 

powder suspended In a dielectric between kwo electrodes was adopted, 

The basic design of the electrolmnlnescent cel ls  is shown in Figure 1 

A plexiglas plate 2" x 2n x 310" served as a substrate material, 

transpat.ent electrode of stannic oxide WBIB deposited on the ph tee  by 

t he  supplies, Grimes Zep Aero Corporatiar. 

( 9 )  
A par s l l c l  plate capacitor construction 

A 

Several dielectric materiale were tested including clear lacqusr~,  

water glass,, silicone dielectrics and  resin^, end clear enmela, 

Duluw Eneapel, RK 19&clear, wea finally chosen for  eeveral. reasonso 

wBb remistant to penetration by water vapor end had a high breakdown 

strength (1000 volts acmes a 1,O m i l  layer), 

a regular surface for deposition of the gold electrode, The enamsl did 

not react With the phosphor and remained stable under repeated appllca- 

Dupont 

It 

Its glossy W s h  provided 

ti= oi hi& ri~ids. 
Five grams of phosphor vem erixed with each 10 m l  of enamel, Since 

the enamel was 601; vol&ile,  t he  ratio of phosphor volume t o  dielectric 

volume waa about three parts enamel t o  one p8rt phosphor, "he phosphor 

grsins were suspended in the clear enamel wlhich hardened when eprapd an 

th8 plexlglas substrste, Thls reaulted h a good mechanical board of the 

dielectric loyer to  the tr:crasparent conducting lqer ,  

IR order t o  develop Ugh flelda within the phosphor with moderate 

applied voltages, the  thickneae of the dielectric lwer wag kept a m d L ,  

Orr the other hand, for uniformity of illumlnatioa end t o  elWieete the 

poosibilitier of mhorto through the zn8 crystals, the thickness should 

be Large campared w i t h  tha she  of the crystals, A comp&so waa made 



4 

between these confl.icting requiremanta, !J!he average thicknesses of ce l l  

dielectiric lgJrsz-8 varied between 1 and 3 m i l s .  !Phe change in Athi&- 

11888 m r  the surface of a given semple waa controlled t o  vfthin one 

tenth of a milo This represented a variation of 10% t o  3.3%. depending 

on thickness of t he  dielectric M e r ,  

A gold electrode was then evaporated onto the dielectric m e r ,  

Gold WBB chcrsen since it was 8 good electrical conductor w b i c h  WBB 

chemically inert, 

a mschanlcal pump I n  series with an o i l  diffusion pump, wa6 wed for 

A bel l  Jar chamber, w h i c h  ww evacuated by means of 

the gold evapor&ionse 

of the gold I n  order t o  prevent shorting of the two electrodes, 

The celle were masked prior t o  the evaporation 

Electr lael  contacts were made t o  the electrodes by meam of washers, 

nuts, amti screws. It was observed that the  humidity in the air produced 

a rapid deterioration of the electrolumtnescencs of the cells, The detri- 

mental effects of w a t e r  vapor OR electroluminescent cells had been recag- 

nieed by R~hrts 
(10) 

Therefore, all cells were sealed with Q layer of 

Castelite thermosetting plaetic. 
16 

!l!he phosphor cotntainln& 10 MnC$ molecule8 per coco was observed 

to be qulte poor ln q W t y  and w(u eliraineted from the test,  Approxi- 

m a t e l y  30 ceU0 were made from each concentration of phosphor, or about 

125 cella in all. 

C e l l s  were ale0 mads frau the pure Sylwrnia zinc sulfide taken 

direct4 frau the shelf, 

sly traces of Ma or  C 1  impurities greeter then One part per million, 

Although chemical andyr is  had nut detected 

pr~duc8 electrolumlnesccnca. The host aDaterial itself ahoubd not exhibit 
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any e les tro l~asecace  if meaningf'ul reeults vere to  be obtained, 

in  order t o  Bnvestigate the role of themel. dislocatirns $a shctmk&- 

nasemce, t he  pure zlnc eulfido wae fired i n  the nonnal xnanner sad cella 

ware then constrwted, 

Alclo, 

Ib discussed in chapter IV, a),  it i s  not feasible t o  use scrpoples of 

thds type for 6pR measuremnts. 

cells of a cylindrical type which differed fram the ab- mentioned form 

for two masmeo 

for the mlcrwave cavityB all materials Introduced In to  It rahould ham aa 

low a 108s tangent a8 possible and, secondly, the samples themselves shoulB 

ham a volume -ah lr  mall compared t o  that of the cavity, 

tives were sat le r ied  by the following constructlaol, 

v~lll mprqmd onto no-etlc metal wirer with dimennloxm o f  .06 - .08 

lmhee birPster and a length of &out 10 lnchee. Ths aeeond slectrolle 

waa obtajlrrcrd by eraporatlng a lwer of not more theP .0011 Lnches 

of gold onto the pho8pbr cantalnlng dlelcctrlc, 

gold layer is s(1IPbvh.t crltic8jl rlnca radlatlon st opticab 0urB mlcsspssve 

fruguhnelsr must be capabba or tr&tting it, 

of $hIr cell; hovewr, it I s  Elot drawn to  scale, 

were wed for the entire EPR inVestlgation, the cell could be glaeed crrlonff 

the cavftiom' axim without ruining either the qualitp factor or changing 

%he frequency of the cavl%y unduly, 

For t h i s  reason it was decided t o  produce 

Flrrrtly, i n  order to r e t b  a good loaded quality fac%or 

Both obJec- 

!he phoephor powder 

!Phe thicknemeo of the 

Figure la  i s  a achematic 

S l a w  SgliadPiceP eawkties 
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Chapter IS - Optical and EXectrlcal Meas-nta of Z a 8 t M n C l ~  Phosphore 

Although the epeatra ob ZnS phosphom do nut ehar w structure avld 

ere therefore not useful for iavest lgat io~ of details of the ehctmn kinetfca, 

the trursfer of eleatrone and their de=uxcitation, To th is  end, sr veriety 3f 

8 raroehramter of tba Feetia-Ebert typeo 

l.lrQ2tb of 30 inchea .lid the &rrrting was 3 inches wide vith a total, 

The mirror had a f0ca.l 

Of 90,oOO lbma. 

hmroat 6292, whose output v ~ b  amplified aad recorded on a Mosabggt 

Aubgraph, bib1 68aM, recorder, 

wboh mystem was c.librcrted With a tungetan standard lamp (lO,BoS, - 

detector wcro a p h o t d t l p l i e r  tube of  the type. 

 ha trdssicnr coefficient ot the 

QL 161). 

Tb. cells were excited with an audio OrPclUator ( H e w l e t t -  



.nB th. exparippantcrl ammgement, respuctlvely, 

8hawn i n  Figure 8, While the blue band increases munotoniatally up 

t o  a frequency of about 8 ltcps, the yellow peak shows a clear peek 

st about 302 icOpec It rbuld be noted that altbaugh there bo no 

The p p e c r u b , ~  are 

it turned out that except for idnor variation6 oaly 4x0 dietinct 

numbem muld be obtdghd, Table  I, one for either band, Thecre were 

A = 8 0 ~ 2  4,8 for the blue and A = 63,5 305 for the yellow band, 

Semral authors reported in the past that A I s  frequency 
( 13,1~J.5) 

dependent, 

of the t o t a l  brightneas, 

However, this conclusion was drawn fram the measurement 

It is clear that on the basis sf the 
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evidence presented above, we could interpret our results in the 

s ~ m e  maimero On the a h e r  hand, it appears i;o be scxaewhati amre 

ressonabbe to define two frequency independent values fcz A, 

each one associated v i th  one band and possibly with one activation 

center or me &=excitation psocers, 

Izk order t o  check &ether the f'requencias correspndhg ts 

the mxlmunr output of %he two bands are field dependent, sever& 

rum w e r e  made t o  determine the brightness 88 a fwn&ion of either 

one varhble. The results are presented in  Figure 9 ,  w h k b  shows 

th& there %a no f i e ld  dependence of the optimum frequeplcy, 

b) BriRhtnasrr Wave8 

S t f l l  auother spproach t o  the problem canrl6ts in Q detailed 

ldght output in tfna aa a ainuaoidsl voltage i t 3  applied t o  the 

rample, 

of the pralt-e wave 

h e  obaarvee most orten two output peaks for each half cycle 
(16) 

, O f  interest is  the relative change of %&e 

pha6ea of' voltage, current, and lie* output. 

tram intnstigated elrewhere*, we concentrutad on only a Sew &zg)ecte 

Since thie  problem 

of thle phenonenon, 

%be experimental aetup is presented in  Figure LO md the bright- 

ne81 waves obtained for voltage0 of 150V naa and a variety of *e- 

quencias are reproduced b~ Fbguro ll, As t he  frequency is increased 

By the use of filters, it WBB deterrmined that %he blw anhaion WM 

loaated in  tbc second peak while the yellow emission w o  distributed 

Conway, Mosertebtion, Gesrgetawn Uvers i ty  ( to  be pubhished), 



Impurity Caoeentration 
NnCl, noleculerper 
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over bath pake (Figure 321, Repeating these measurements for 

cilfferen% voltages ahowed th6t the slhrrpe of the o~.put wave a d  

not change,  the^  tensity of courae did, according t o  $Q, (lI0 

@ I  A&!dnR of cells 
%n spite of the fact %hat ZnS phoapholg have been inmcp- 

tigated very intensely, there dill cemaip a large number of v%ry 

basic qwtrtions t o  be Boswctmd. 

situation is, apparently, the fact that phosphors age 

One of the reason6 for %Ida 
(17) 

loco, 

they lose thelr abiUty to  d t  light, On the one hand, I W s  ef- 

fect lrsker it d i m c u l t  t o  compare meuPta iluam diltferent lsbossp 

tories, (h the otbr hand, it is d e a r  that  just thio type of 

behavior right give ipppOrtept lnformetia about the BOLO process 

itself, Since the ch-s wcur over long periods of time they can 

euilJr be hVB8tIgado One interesting feature of this pro- 

cess i s  that it only o c w  wbila $he sample is excited, In $his 

calls aga.inrt moisture r i m e  it is known tcr accelerate the aging 
(18) 

prOCeS8 0 

'RAO deterloration of swles was studied as a %uactiaa of 

frequency, spplled mltage, and impurity concentratlono Tae I d -  

Qa8Qa)3c8 m a r e d  to  &=me plr three steps - a brief, rapid 

-entia *crease* - a solpbwzIat a l m r  decay exponential - cand 
then a very gradual l emlbg  o f f  period, 

pho.phorS axbibit hystasesie effees 

Since it is known that 

care has t o  be taken th88; 
(19) 

a typical &cey curve for y89plow voltages rrt 1000 cpe fer 2% hours 
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It was found that for a given fmquency and concentration, 

the rate o t  dccg wam esswtbs3jy indqwndent- of the applied 

vol%age, 

wntxmtratfon at 3000 cps, 

were the stme within experimental error, 

of the applied voltage greatly influenced the rate of clecay, 

mgure 14 8- <he dlecw of four eamplcsr of the same 

Att can be seen, their  rakes od decay 

However, the frequency- 

fim l5 8 h m  the ifitid chenge ~II bAehtggSg for fl- SimPflt%r 

r . ~ ~ p l e s  at different frequencies, Sane author0 have found the& the 

dece~t waa a l b a r  function of the total  number of cycles which %he 

cell hobd experienced, 

It WOB found that the decw rste decreased With lncreaaiag cancentrtl- 

tim of Lpuritlets, In  particular,  It vas found *ha% the  briatneee 

doemam a the second stage of the deceJ proceee coupcZ be repm- 

This wa8 not fottnd t o  be the case here, but 

88nt.d by the .qurrtioQ 

whem 

a factor of tvo, 

thru So Figure 16 rhawr f1/2 for different freqwnsise and b p w i t y  

camacentratiaas. 

tu2 is the period d w b &  which the brightness decrcaae!sp by 

??he pertinent msults are presented in 'Eabbe 2 

If' una CIOSUI~BII t h a t  the decay 581 due t o  en cuuaea- gmcees 

that eliminrtes &,Lo centers, then the tact t h a t  the process is 

mlt- hdepundent indicates %&& a eUfFuaion procesre takee pbaca 

w h i c h  l a  cancentration coatrolled while the applied f i e ld  merely Wig- 

-2-8 the procesrr. 
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Immrlty coocentratlal 

1*cl /cp3 
2 

102%cl /am3 
2 





lolp 

1020 

csu Voltage 
(nur volts) 

200 

40s 

200 

400 

200 

400 

375 325 80 

360 U O  80 

145 150 105 

430 155 100 

540 225 a20 



TABU V 
P 

200 

400 

200 

400 

200 

400 

280 70 40 

255 60 35 

340 85 50 

320 75 40 

410 325 60 

390 105 55 
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Observathosra were made of the cella under pulsed doco s r c L  

tation, 

call, two pubes of Ught amisoloa twe generally observed 

When a square wave pulse i s  applied t o  an electrolumineesent 
(20)  

One 

cr;ppam upon the application of the external f ie ld  end the other 

upom the reaoval of that f ie ld,  

The U&t output WBB stuaied as a functfan of time %or various 

OQUSre warn frequencies and emplitudes, F Q w e  17 shows a block 

diagram of the experimuntal apparutua. 

l\tlpiaae,csgt cells was aonitored by a p h o t s t m  (RCA 7265) whom 

The output of the electro- 

signal waa aiaplqyed cm an oscilloscope, externally triggered by the 

square w a n  generator, Photos taken ob decay traote were analyzed 

!he lower curve wae obtained by subtracting the upper l ine  from the 

Filters were usad t o  study Lhe decay of the yelpaw emissfon 

and the blue emission separatelyo Teat- was done at low frequen- 

d e s  (20 t o  100 a y ~ l e s )  since l o w  repetition rates were neseceaary 

to observe the & c q o  Eo Variation ob fl or t was obriellfed 2 

outel& of experbental error, For the yellow emissiaa T~ vaa 
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efflcienaies were aaveiye found in  the re&m below A00 cycles. 

fortunately, brightness ai; these frequencierr vas gwerw- vesy 

poor, 

had aufflciently etsbiliaed were emplqyed for these relative ef- 

sfn- 

It should be noted that  only those cella whose l ight  output 

fldoney m e e S u r ~ n t B 0  

Absolute efficienciecl were memured by using an Eppley thermo= 

pilo (-1 6010) a t h  B response of ,16 mv per watt/cm2 of inci- 

dent radiation, 

waa used t o  measure the putput of the thermopile, A power mster 

Flukedudel 102) was used to  maaswe input power to  the cells, 

pigura 21 ahawrr a block diagresn si experimental apparatus, 

A potentiom&er (iIoneyweLl-Rubic, I A C , - M O ~ ~  2768) 

masured, ELactrolumlnerrce~t d s a l o n  fzwm the cslls vas an the 

or-r of a t / C l l r 2 ,  Lowest eificienciee occurred at very low or 

very high voltages wad at ve-ry high irequencies. 

could be lnturpretad as a reronanca effect was observed, 

frequeuay of oI#r&im was j-d t o  be near 500 cycles, where b&h 

brightne8. and efficiency were reasonably high, The choice of 

opratlng voltage depended OA cell thickness, impur%ty emcent;ration, 

fmquency, and pre~&oua 

Nothlag w h i c h  

The optpmUm 

of the cell, 

g )  bhm800W Ob8Crm&%Oa 

Tho e P n O t r 0 l ~ s c e n t  cella w e r e  observed with ce Bow F e r  

arieroaccrpa (30 power)o ZPniselon occurred only in CL relatively 

lplsu percentage of the crystels, parhap6 10%. The eaist3ion 8 p p e ~ ~ ~ I  

a8 dots of Ught which were rundody reattemd mer t he  s e l l  surface, 

A. tha applied volt- weu lncrewed, tha Ught output f r o m  thesa dots 

becam mora intenre and, abso, nev emltting area9 appeared, As the 
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frequancy was Increased, the areas of ught edssion bec(pmc marc 

aharpu  defined end blue emfttlng areas became very intense Bight 

exa%tcternc 

striatione of light due to internal reflection aad light ec&S;ert~~g~ 

These had been reported in  recent literature 
(21,221 

0 

w 3 4 +  l j c  
2 R  b, 6 )  
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found to be 0,lO 0 .Oloeesr and x WEDB 0,47 f .Os msecn FQI- 

the blue eruleaioll '1 waa measured t o  be &LO ,,02 end t2 

w- measured to  be 0,991 mec. Pigum 19 Show6 8 %ssrpicas3 

scope trace o f  l ight outputj vsO t h e  for a square wave ~pplied LLC 

an electrol~nescmt call, The bcnccuracicrs involved in the 

photegsaphio technique are rt%BgoASbble! f o r t h e  r&her awge de vi^- 

tions of the moaeured rehxatAon &hies, 

2 

C a m  m u s t  be taken to separate doc, a d  &c0 effect8 herep 

S u m  sernples which conduct aoco currents uere found t o  exhibit 

eonetant yellow d e a l o n  during the entire duration of the applied 

square waveo 

when %he field is applied and removed, w h i c h  made analyela diff iculto 

This w a ~  superbposed 03 the eoniseiaa which occur8 

The efficiency of electrolumin+scensr, is of intarest P r o m  

both fundamental and practical viavpointo, 

electroluminescent cell i o  defined a8 the ratio of the light output 

power to the ebctrl.cal power input. 

pul and maximum efficiency can not be obtained shultawmdy- 

!the efficiency for mu 

IA general., maximum Ugh% mi%<= 

Rebetive efficiency I a e t & S m Q t S  vere tsksrn tQ &tennine the 

voltage and frequencies at which maximum efficiency occurred. 

lute eflliclenciea were nmssured t o  o b t h  II rough idea of the pr- 

bability of phonon dssion relative to phon- emiseion i n  the pro= 

&sa- 

-88 0 

Relative eff%cbencies were measured wing  the apparatus, in 

P i g u m  6 to  which a pcrwer mter (Fluke-Model 3.02) vas added, 

Figure 20 ehme a typd6Bh efficiency Vsc frequency curve, Peak; 
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T& e m n t  I vbich vill flow when a voltage V i s  

applbd is then 

v v  
Z R  f - - =  - (1 + 3 a )  (7) 

This  pradictrr that the current will be a &inear f’unctian of 

mWaw and Will be 90° out of phase With the applled 

vel- BO that it Qedbes the electrical behavior of the 

aoamed that the input power to the amplo right be au laportant 

IA the d s c q  procoar. 23 &am the rapid inerecarre 



Chemical ane3yrrie had shown tha t  the host Sylvevuia tinc 

sulflde waa essentially m e  ircm hpur i t iee ,  Iiowewitrs as a pre- 

parer t o  m e  i f  ~ a y  electrolminescence might ba detectad, 

8l.ofrol-scent output WBII observed, 

phototube wae eufficlent t o  detect 10 mu w a t t s  of radiation, 

Ho 

The sensitivity o f t h e  

N e x t ,  the undopea pmrder w e e  prepared in exactly the same 

nunnor (LII the doped povdere except for  introduction of impurities. 

!Fheee a e l b  &bitad a fa int  blue electrolumheacence vhich fn- 

CrUUed w i t h  ftaqwncy and voltage, 

prwented the mea8umsent of the spectral dssioo. 

Leck of suf f ic ient  intenaity 

Ewever, the 

The values of al and a2 obtained were fl = 0, lg  .04 

m ~ c  and f0 .) lp10 008 !Phese ti-8 would seam t o  indicate 

that thh blub en&ssiao observed i n  the undoped pavder may be due to 

*he eaue mechanism rerpawib& for the blue emission in  the doped 

powders, Also, it was cumsidered signlflcant that the blue emission 

V M  produced by he&* Smpua%y free Zas t o  a sufficiently high 

temperature, ' 0 0  intensity of this light appeared to  depend on the 

Introduction of atomic eulf'aar into the phosphor prlor t o  f ir ing,  

Alexander, a t  82, , had noticed a blue enlesiton in ZnS after 
(25) 

firing but did not link it With sulfur, Zinc vacunc%es w e r e  poetu- 

bted aa tha blue lmiaesccmt center, However, the introduction of 
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Chsgter 111 - Wscuasioa and Intelpretation of Result8 

a) B a s h  Theory of Elactroluminescence 

For retwoma of completeness, we start our diecussion with a brief 

elementary redew of acceptsdibaa on electrol\mninescence, In CL 

crystal, certrrin allowed anergy state8 rase availsble for electron occu- 

pation aa a result of the crysta3,line potential, TBe introduction of 

impurltfes perturbs the potential function and introduces new U w e d  

energy states, When t r c r a a i t i a s  involvingl these states yield vieiblc 

radiation, a luminescent center is said to be preaent. 

!Lb 8Xplaln lmineBcence, arrly dipole radle;tfon need be considered 

a b c e  the amisdon probebility for  the various multipole ordera decreases 

by a factor of approxbtately ( a / A ) 2  each t h e  the multipole order changes 

bJrone, liere a is the source -iaaaud A 1s the wavelengthof 

emitted radie%ion, Fnr vlaible ltmriaeacence ( A  - 5000Ae) fran atane 

(a = U) , the factor a/A i r  1/5OOOO Thus, quedruple and higher order 

0 

0 

radiations arrr ne&l&ble caarptkmd vlth dipole radiation, 

To obtCrin electrolunlneocsaco, the electr ical  energy from the applied 

Field must be converted into vi8ibl.e radiationo 

sion process will involve three separate procseees 

In general, thio c o ~ 1 v ~ r -  
(26) 

Init ially,  an 

electron m u s t  be excited, directly or lndlrectly, by the applied field, 

Secoadfy, the excited electron may be traueported through the crystal %o 8 

re@m of da-exaitr;tion, Fl-, the ds-excitatian occur8 with oubsequent 

dssfoa of radiation, llberre proceoses a m  generally described by meam of 

the band theory model or the configuration coordinate model, 
(27) 

Tha baud theory arodhl l a  baaed on the general quantum meehasiieal 

t r eahen t  of the Interaction of vdance trlectronrr w i t h  the three dimensioaab 

periodic potential, of the olystal lattice, ubaa individual at- are bmwt 
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togather t o  form a cys ta l l lne  lattice, the  characteristic energy levels 

of the individual Stoppa ere broadened Inti0 beach of allawtd energies 

which msy or rmpt mt overlap, The introbuction of impurities Into a 

cryatal often produce8 al&ued energy atetes betwecur these beads, 

&he electrical properties of semiconductors are dadnaked by impurities, the 

lmineecent properties of phosphom ere dcdnated by locaJUKd activator 

and trapping atetea in t h e  forbidden ban& 

Jus% cyb 

A campodto band theory aaslgsis of luminescence is sbovrr in 

In general, (UL electron can be excited elther froln the figure 2b0 

u m  b a  oSP ik.aa WWty lattsl to the C o n d u c t i O n  bando Both 

the positive hole and the  excited electron 

UrtSl em%ssiorr 0ocur8~ Ths electron then falls back d m  to either the 

activator level or the mlence band, Tbe wavelength of the emiaaion is 

&torminod by the differazaw in energy levele. Between excitation sad 

&88ion, trappine nay OCICUT~ ELactrop1 traps are shallow levels i n  the 

forbidden band I n  whiuh conduction electrons rimy reside temporarilyo 

migrete through the lattice 

The prhc ipa l  lippitation 0% the band model i s  that the grarticuher 

areray band snd levels ars characteristic of a p e r t i ~ u l ~ r  crystalljine 

configuration, b a result, a t d o  rearraagaDsnts tha% occur durhg 

lrrainascenm are igrrored, Thus9 the model &ea nat irrdfcate the origin 

of the large quantum differenw between absorption and sariasicsl~ energiee. 

U O ,  a t  -8 not 8 w S t  tihs PmmUthCed bm-6 Of aCftatiOn slad 

aPli88ioo energies vith temper&ure, The band theorg model is espeefdly 

auihb3.e for irpterpreting haineacence phenomena involving the traaspcs9; 

of electrons thmugh tho lrttice, 

involva trcrprritbanr betwean states peculiar to the activator ion, She enera- 

f f  the e r b 8 O q k i O A  and amissicm proleesraes 

b a d s  oi tbe 3 w ; t i ~ r  bwa 80 w - -3 be! =pasac 
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The center I s  the ion uadargoing electronic t ramit ion plus a group of 

Qxcitono 

curve. 8re1 wed to dereribe the pound and excited &&e8 of the epstem, 

Ib a first smpraximstion, a single set  o f  potenticia energy 

p M  with r88peCb t o  each other a b e q  the coordinate exis ehce  e x c i t e  

t h  <#uH. a re8istributIar of fh. alectroaic dtarge, This caused the 

atcmm to ahift t o  new cbQuiUbrium porltiolu a c t a  m5niaise the tots& 

e n e w 0  F'lgure 25 8hom a t r p i o u l l u ~ I ~ e s c e n c a  process in terms of a 

absorption oosulrts of an eleotrcmic treaaftlon airact4 t o  the excited 

atate. Tbi. ocaur8 VU tb. Stolpic aoniigurstion of the mamd atate 

of the excited atate, 

Ilais mode2 clearly e~uphylisea the rearrangement energy tux %he 

of the difference in excbtation and sllirsioa e n e r g h ~  In addi- 

tion, the sob1 indicate8 t h e  the atomic soniiguratiar, other than the 

one of b m 8 t  energy, hao flnlte probablljitles, Aa a result, all 





loeations in the latt iae as c1- because of  I t s  dianwgnetlc character 

rystem pogsesses deeplylng levele, well belw the top of the valence 

b a d ,  w h l c h  e011 be approximately described by states of the fawe dlvalenti 

rationo The steble c0nfigurSi;lon of a neutral manganese ie am tollma 

2 2 6 2 6 5 2  ala 2s 2p 3a 3p 3d 4 8 0  

qumtw numbem L and J Lose their meaning In a sru~oundiry w h i c h  does 

not hsm spherical symwtry, they are still wed  for masom of ecmmiexrce 

of notatluaa, 

%e resul%eot chrurge of d t f p l l c i t y  because of spin revassal le& 

to t w o  results. first, the trmaitioall between ehe ground spIate rrrad ex- 

cited stake are forbidden, Second, manganese In the excited atate should 

have a decreased magnetic auacaptiblfity of t w o  Bohr magnetons per ato4no 

le where B - (Bahr magueton), 



either direct coblieion exoitetion or the Ma done by charge cerriere 

or colbirriar excitation of forbidden gap states f m n  w h l c h  oemus a tram- 

t h e  lattice did 

The other 

th& it waa the 

ZaSacl, Bowers 
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where X is the mema free psth of the electron, The energy cu?guired 

t’rosp the f i e l d  m r  0 path L will be 

e = . E L - W  
2 



or an electron acquiring an energy L in the presence or a field L 

i s  obt-ed 

P = e x p - -  4Gz 
2eE 

w i l l  acquire energy izvrpr the fleld faeter than energy be load; 663 la%- 

the Paopone. It, thua, attains sufficient energies to  coJUiaion 

i d z e  impurltiee or valence electrosre, To obtain electron energies 

of 2,5 eY, fialda on the order of lo6 v/cm are necms(BpJf0 

kr the preaence of the high flelds necessary for electrolumines- 

cence, the consequences of dielectric breakdrrwn are avoided because of 

#a irholPogcaeous f le ld distribution i n  the crystal, rzJttremeXy high 

because or the exietence o f  potential bsrrfers, 

"&e in&%hl appUcertian of the fleld releases electrons Fram shallow 

trap 5nto the conduction band, Thase joined thermal c&rriera already 

present, The88 cocrductlon electrons were accelerated by the applfed f b a h ,  

8- c d e r s  achieved energlee sufficient t o  ionita a bZnCl)o center or 

trcrrroier energy t o  a Mn* center and excite It Internallyo Thus, both 

the blslb ads8ian and the yellow emhaion vem dependen% on charge carrier 



ele&roludaeacence waa only obrrerved upaa spplication and renmval of 

tbe doe, wultage, Therefore, accelsra,ed ccductlon alectraas were the 

Ihch8ui8m of excitatial in Z n 8 t M n t C l 2 e  

In the no& C O ~ ~ E  ia w h i c h  no direct currents were p2wesat, an 

ele@trfa i i . l d  sca8lar&ed carrier8 to the boundary layer of the crystal; 

Per ricroclyctala ambeMed ia a dielectric, this botopdary v88 Impenetrabh, 

elmilar for build up, !Chat po&ioo ot the epace charge consi6ting o f  

eleatruu In tr.pr decayed vuzy elovly at a rate detemlned by the t h e x d  

rekame of trapped electroor, This analpis I s  consisteat with the relaxa- 

tion t h e  olbesurrrplanto, vhiuh e h m d  two sOagcr8 of  decay, 

occurred fa the volume of the phosphor although potentlsl barriers at the 

Acceleratloa 

rurfacs hrluenced carrler aotion, The rate of recanbiaatiarn of etPrrisrs 

waa governed by tha potential dimtfibutian of the pol&r5%&laol wh%ch had 

been establlebed by thu mcterpal applled fle18, 
381 

Piper a d  WilUsune 

gam an sxpssashn for the e&ctrlc field intensity due to such a @paca 
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!be aging o f  the electrolumineecsat ceUs WM a d2fflcUt phenaa- 

t o  explain, The brightnaeo of the cells was observed to deterlorate 

d&rs t o  6ua equation of the  e h v e  forra for aver 200 houra of tes.9; on a 

typice3 eello 

The CQEuDepllus of tne mrk done by others wcw that the eeiplg took 

B A d B  -a -= It (A) (B) dt d t  



8- % aad pb areln~t~s lcoace~trat ioas  o f  A end B 

and let x be the dscrcrseo saamtration of A and B for the 

;.7.i-,. - .% I .,, , -. . , . I > -  '. 
.a - . #  

- , .-_._ 
Substituting (22) in (21) 

v .  

Solving for the number of clPPleelan centers n at eay time t 

no n =  
1 + % t  

(24) ' 

M e  reeult was interesting since the predicted decrease in the 

amber of Zumbe8cent centers with time WBI o f  the same form es the o< 

sb&d bsightnese deterlorsrth prodded that the f o l l d n g  e q U i t y  w m  





-42- 

l-nesuent eontar which w a s  saaihilutsd, a potential electron carrier 

vu lost. Thuso fewer electrtme were available for ionitation into 

of decay observmd fa nrea6aneoe was &tribUted t o  several factorsaO 

amber of Mn* lumirrasant centera ramained relatively stable whereas 

met 

aLsrion urd loss of carr%ere wae not M) aritiaal, 

Another aspect of tba e to be explained waa the strong &pen- 

dmwo 011 tho -- of the applicld fgeld but l i t t le  &panQnaa OR the 

rtudies olads here fallod t o  detect eap influsace on the strength of the 
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A t  l o w  fmquenaier the input pavar waa 80 amn'l.l t ha t  the temper- 

atwm of the phosphor dielectric layer was not SUnnchnt to &fact t he  

bcremsed the hpa pawer %nareamd so that local temperatures rose and 

stimulated the difnislon of Cl" ions. 

Such abypotherir wae also consistent w%th the obeemd decagr si 

ael la  with different amouuts of w a n t  materlslo A t  higher cacantra- 

of the btpurltfer would be slowed and, therefore, the Bscqv of brightness, 

Ugb3.y doped powdetv &wed at  a slovar rate. A t  the 8- tiae these 

highly doped pvdera had a greater light output. 

t o  the crrurgg dirriprted the pho8pbr. Thus, It would be expected 

that the choicw o t  the 8ielectrAc 4 e r  would affect the rate of  decay 

rhw~ ft iaflwacms the anerg~r diatribattion between it and the phosphor0 

lhur, thermally 5n-d diffusion o f  tfie U' loa t o  

eenkn waa prcrpocled u the mecharrim respon8lble for the Q c g  of bright- 
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Chapter IV - Magnetic Properties of zn8:Mn:Q 

I n  spite o f  the Urge (Mwllt of work SlFeady done in  connectjlcm 

d t h  ZnS phoephom, it still remcdns a partially pueel- problem, 

It might well be t ha t  the rema for this situation is detsmdned by 

the fa& t h a t  for &,Lo t o  take place rather coqpllcatsd situa%iom hawe 

t o  existo In order t o  get a hsndle on thia kind of a sltuef;icm, it ba- 

came6 necessary at times t o  solve OAQ Q small  part of the whole problem 

Electrically E.L, cella are kmsy capacitors and optically they  are 

broad bead emitters. 

detailed Snfonnlrtioa about the electran kinetic6 of the procerrs, 

shea the Smissiozr occuco &I the visible part of ths spactrm the 18- 

volvad traaeitioas must be at leaat i n  part ekrctMoic in natura, (ka 

obvious w of monitoriag the e&ctrons consists in obrreroing the mag- 

aetio behavior of the cells, both ia the absence aud presence of B I ~  

e lec t r ic  field, 

cennsction, we are not awazw t ha t  -body ever used electrical excitation 

for these o b s e ~ a t l ~ .  The usual procedure caralsta in pw~ping electrons 

apt icd ly  from, or into, loaalised siteta and deduce frua the change 5.n the 

observed EPR signal such inforaatlaa as, fbr example, t rapphg depths os 

l i fe  t ime,  

Heither aspect is apt t o  yielld a great, deal of 

C.Lear1yS 

Although a great deal of EPR work has been dm6 i n  thie 

We decided, therefore, t o  attempt obtsixain& eignal8 a the s ta te  

8- care i s  aemssary t o  a d d  obviousl p ~ t f ~ l l ~ a  of electrolunrirrcrrcerrcec 

First of all, the e i g a d  obtained fraaa BLEL EPR bfldga! l.8 pmpox%iaPlerl t o  

the loaded Q of the cavity, H e n c e ,  i& was nurndatoy t o  make seaplea 

(maptar I) w h i c h  did not penetrate much into those regione of the cavity 



- 48 - 

where there i s  a strong roto electric field, Sin-  dielectrics - in 
t h io  O M e ,  ths matrix h which the phosphor pawah= embedded - 
are usually quite los8ys it was diecided to perform the experiment w%th 

e thin losoy asap& heated elong the axia of a cyUndricsl cavity, 

Ele<rp;rical t?onnectionr could then be made outside of the cavity proper, 

A first attenpt to obterls changes hi the EPR signal with phosphore made 

irooP the abo-tioned Sylvanla powders fedled, 

srrcertah that the saaPplcs actually emitted light becauae phosphom made 

iron! puru, powder8 exhibit very little brightness a d  ainee tke saanp;be 

WUI canple%ely enclosed in a thin gold layer, vith resulting logs of 

t r d t t e d  paver, the reeulte zwuained incmclueive, 

repeated the experbent with a powder obtahed froin t he  Fisher Conpay, 

whiuh is &own t o  ham a Weer content of inJtial impurities, in par- 

t icular  - copper, In the follaving we report exclusively on cam 

nuda w i t h  the latter pcrwdara. 

It WSB difficult t o  

We, therefore, 

ALl EPR masuremento were done wlth an X-band spectrometer (Strand 

Lsb..Mobel 6021, Figure 29 is a schematic diagreia of the equipamnt, Its 

eaosnt ia l  featurer are the following, 

rest of the system by a lrsrrtte isol&or, feeda power t o  a directional 

coupler, There the p e r  I 8  parthI .3~  led to a balanced mixer and i n  

p8rt through a wave Pwt8r (reference cavity) t o  the aecond input of the 

-so 

signal coarrcrted into a voltage which 5s applied t o  the repeUer of the 

klystron t o  force its frequency back $0 that of the rerererace eak-pty. In  

t h i o  manner, the klystron i r  "locked" t o  the wave metero when this pr- 

cedurce I s  followed, one meaaures the real par t  of the euoceptibllity 

A hlystrun, 8epam~t8d h.an the 

Auy ch8nge in the klyotropl frequency I s  setneed, the resultant 
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(dispersion mode). 

t o  be mora convenient t o  meesure the imaginary part of the susceptibility 

For t h e  work done under thlr contract, it turned out 

(absorptbn mode). In  this case, the reference cavity is  merely used to 

nmp~ure the frequency while t h e  klyr%ron i s  lodsed to the aampla cavity, 

This I s  doae by dividing the power f n m ~  the klystron Into two perto - one 
being 6ent into the reference arm of the bridge t o  mother balanced mixes 

w h i l e  the other proceeds t o  8 circulator where it fs s p l i t  again, one 

part going directly t o  the second fnp* of the  balanced mixor, the ether 

psrt flrst being reflected by the smnple cavity. !he outpa& of the 

balanced mixer i s  agdn converted into a voltage w h i c h  when applied t o  the 

repeller of the klystroa locks it t o  the sslmpla cavity. A second set  of 

mala In  the mher i r r  used cu a detector, its output baing fed through 

an amplifier to  a phme detector. Tha second input t o  the phase detector 

nrrrl tram a 6 Et- oIciUtor,  which also activates the  modulation coils 

on the PUQcnat. !l!b me(uuramnta are made by balancing the bridge, %,e, 

by n,rra@ng t o  ham t h e  pamr reflected fram the c d t y  Just c a s e 1  the 

pcrwrtr w h i c h  merely pr~wr by the cimilstor. As the magnetic f i e l d  of 

What i s  fInal3y recorded is the Qzdvative of the sbsorPt;im signal, 

Flgura 29a I s  a schamatlc - not drcpuo t o  scale - ehowi43 the arrange- 

ment o f  the wire in the cavity, The two ten-  aapa arr, eaaential Ala pre- 



absorbed pawer, it 1s necesseuy to make an easmption concaxlaing the ehape 

of the &sorption line which i o  taken tg! be Loronteiab 

light of the derivetire curve 1s propsrkionsl DO the absorbed pwerc 

Then the tQ%d. 



appUed Voltage So behaves 88 

!this ie an 8xperiueataUy derived relationship aaB vaa arrived at Is 

the folloving way, Figure 32 presents r as a function of applied 

frequency for the varloaur vdtqere. 

straight Usee for r *I r(i%r 

A least square approximation yiebda 

r e l - c f  (266) 

where f i s  the applied frequency aud c has the follaving values for 

the rcrrlous vcatagset 

V 800 900 bo00 u o o  

C 0 0054 a 0077 a 010 0 0x2 

Tbe fact that 'a" 

importance but so bar we have not beem e b b  to explain *his effect ccm- 

pletely, We believe, however, that one c m  w a f k l y  assume that Ecq. (26) 

i a  not atrict ly  true, since possible changes hi the reflectivity of the 

ample with applied voltage have not beten taken into account. In order 

to  secertaia that the &a,qee i n  the observed signal a m  not all dua to 

&=ea in  the reflectivity of the saatplee a semodwich type sample, aka 

changes i n  a rather re@.er manner I s  uncbubtedly of 
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-Om this r e a u t  it $8 clear t h a t  this 8pprOach 18 Crudie t o  yield 

dntdI.6. Harover, it is signifhaat tha t  the constant K occurring 

here $8 8amewhat eaudller than tha t  of the craee of 

cm3, 

evaluation woree utrlese a different approach aan be worked out, Ih ie i a  

&ne art, preeaat but unique and dsflnite reeults have not as yet been ob 

talned, 

than unfty In Table 7 are not real but are due t o  our rough ev&ustion, 

impuriiies per 

further reduction of the impurity content should make t L w  

In parbiaulcnr, we beUeve t ha t  those v‘€&ues tha t  are larger 

Returning briefly t o  Table 6, au equ&ioa of type (26) was ap- 

plied to ea& individual l ine  aad the follawing n~mbers for the constant 

E (d5) obtalmd for the various voltages: 

V 1000 1100 U70 1250 
une 1 - 7 -35 073 072 



- 56 - 

30 As far as %he data could be evahuaited in a sensfble faahbn, 

the ratlo of the EPR sfgncala with, arad without, volterge l l p r  given by the 

eqution 



S t  appears, therefore, that electrolunineacence takes place only 

(biter the peter  part of the power put into the Sa1~1p10 has bema diaai- 

pated in t& forrp of hest, 



Ehctro-0Ptl.c E f f e c t  

Pmlillpin~ley 8leatamts astabliahed the feeaibility of control- 

ling th. equiUbrium tmrature of e aetallic surface by eqSusting the 

Illargnitude of the electric field intensity using plew~xation techniques, 

ordirray polaroids vere wed and measauwaente were made of the eqadfi- 

brlum temperstwe a t h  the polaroide croesed and uncrossedo A change in 

th. equilibrium tempersture of the order of 47% waa noted, Slnce it i a  

obviouely urrdeeirabla to re~Uim a~~chanlcal  orisntatim of the poltwoids 

t o  eitect control or the light intcneity incident on the metal surface, 

.c1 electro-optio cell vaa introduced between two crossed poluroida and 

the btcrrrsity of the trcmsPPitted light vu8 measused as e fuactlon of the 

d,a, baa8 fleld w e d  to the electro-optic crystal. 

fram OV &e. b l u  to  9OOOV d c o  birrs, the Ught intensity 5ncrerued by 

a factor of three, T&augh the80 results worn interesting, the 0110rmous 

pra,cticaA difficulty of implementing such a technigua owr large surfaces 

did not waxrant further effort8 h thia area. 

In the r w e  
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Figure 11 
Llrighzness \laves as Functions of Frequency 
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Decay of Brightness  upon Removal 
of Square Wave Voltage 
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